band imaging (NBI) is a spectrally selective reflectance imaging technique that is used clinically for enhancing visualization of superficial vasculature and has shown promise for applications such as early endoscopic detection of gastrointestinal neoplasia. We have studied the effect of vessel geometry and illumination wavelength on vascular contrast using idealized geometries in order to more quantitatively understand NBI and broadband or white light imaging of mucosal tissue. Simulations were performed using a three-dimensional, voxel-based Monte Carlo model incorporating discrete vessels. In all cases, either 415 or 540 nm illumination produced higher contrast than white light, yet white light did not always produce the lowest contrast. White light produced the lowest contrast for small vessels and intermediate contrast for large vessels (diameter ≥ 100 μm) at deep regions (vessel depth ≥ 200 μm). The results show that 415 nm illuminations provided superior contrast for smaller vessels at shallow depths while 540 nm provided superior contrast for larger vessels in deep regions. Besides 540 nm, our studies also indicate the potential of other wavelengths to achieve high contrast of large vessels at deep regions. Simulation results indicate the importance of three key mechanisms in determining spectral variations in contrast: intravascular hemoglobin (Hb) absorption in the vessel of interest, diffuse Hb absorption from collateral vasculature, and bulk tissue scattering. Measurements of NBI contrast in turbid phantoms incorporating 0.1-mm-diameter hemoglobin-filled capillary tubes indicated good agreement with modeling results. These results provide quantitative insights into light-tissue interactions and the effect of device and tissue properties on NBI performance.
Introduction
Mucosal cancers arising in the oral cavity, pharynx, esophagus, and digestive system represent a major public health concern resulting in nearly 140,000 deaths annually in the U.S. [1] . It has been reported that the invasion of tumors into submucosal layers is associated with increased microvessel density and capillary loops that can become dilated and elongated [2] . Histological studies have shown that intratumoral microvessel density increases in proportion to the progression of esophageal Barrett'sassociated adenocarcinoma [3, 4] . Thus, improved visualization of mucosal vasculature should provide useful information for early detection of mucosal cancer. Recent clinical studies have indicated that, in comparison with conventional white light imag-ing, narrow-band imaging (NBI) has the potential to improve detection of mucosal neoplasia in the colon [5, 6] and esophagus [7] . In addition, NBI systems associated with magnifying endoscopy have been used to evaluate microvessel features of the esophagus [8] and to distinguish capillary morphology for early detection of oral neoplastic lesions [9] , superficial esophageal lesions [10] , and gastroesophageal reflux disease [11] . Key advantages of NBI over other optical imaging modalities such as photoacoustic imaging and optical coherence technology include lower cost, simplicity of instrumentation, compatibility with existing endoscope designs, and, perhaps most importantly, the ability to provide wide-field imaging of near-surface tissue features in real time.
The basic theory of NBI is based on hemoglobin (Hb) absorption and wavelength dependent characteristics of tissue optical properties (OPs). Hb has absorption peaks in blue (415 nm) and green (540 nm) regions of the spectrum while mucosal scattering decays monotonically with increasing wavelength [9, 12] . Thus, 415 nm illumination can be used to enhance mucosal capillaries in superficial regions while illumination at 540 nm enables improved visualization of vessels in deeper regions. A filter set incorporating center wavelengths of 415, 445, and 500 nm was used in clinical studies by Gono et al., which classified mucosal patterns into three classes with diameters ranging from 10 to 500 μm [13] . Other studies have involved the use of a set of filters with center wavelengths of 415 and 540 nm. NBI systems with this filter set have been used to enhance mucosal capillary patterns under the tongue [14] and to diagnose biliary-tract diseases [15] , gastric cancer [16] , and lung cancer [17] , as well as for in vivo studies of colitis [18] .
Both single-and dual-band NBI approaches have been studied for cervical cancer detection [19] [20] [21] [22] . In conventional colposcopic procedures, white light and single-band NBI near 540 nm are commonly used to detect abnormal features of the cervix [21, 22] . However, conventional colposcopy may not provide accurate detection if the changes are minor and at an early stage [20] . An initial study combining dual-wavelength NBI at 415 and 540 nm with conventional colposcopy to improve the identification of small vascular patterns was first proposed by Fujii et al. [19] . In addition, the use of 540 nm filters has been applied to laparoscopic surgery by Akbari et al., who showed that vascular visualization could be improved by 100% [23] .
While the underlying optical mechanisms of NBI are considered to be well established in the clinical NBI literature [9, 12, 24] , rigorous theoretical analyses of NBI and the effect of tissue and device parameters on its performance have not been performed. In a recently published Letter, we introduced a Monte Carlo (MC) model for evaluating contrast in NBI systems and implemented it to provide initial insights into the differences between illumination at 415 and 540 nm [25] . The model incorporated mucosal tissue layer and vessel-like structures in a three-dimensional (3D), voxel-based approach [26] . Our results indicated that the primary difference in depth selectivity between these wavelengths was not the commonly cited mechanism of differences in scattering but rather differences in Hb absorption. In the current study, we perform a more thorough analysis of NBI, including simulations of white light imaging, an analysis of the effect of changes in illumination wavelength, presentation of fluence data, and investigation of a larger parameter space. Specifically, the current study involved over 1500 simulations covering 51 wavelengths from 400 to 650 nm as well as the original wavelength bands at 415 and 540 nm, for a variety of vessel sizes and depths. Validation of the model was performed via experimental measurements of mucosal tissuesimulating phantoms with a cylindrical inclusion of variable depth.
Method

A. Monte Carlo Modeling
The idealized scenario incorporated in our modelcylindrical vessels in homogeneous tissue regionsis analogous to approaches that have been used previously to elucidate light-tissue interactions during laser treatment of Port Wine Stains in skin [27] . Mucosal tissues such as those lining the cervix and esophagus may have two distinct layers-an epithelium with a thickness range of 100-500 μm [28, 29] and a mucosal layer approximately 1.5 mm thick [30, 31] . Each tissue type in our model has distinct OPs as a function of wavelength-absorption coefficient (μ a ) and reduced scattering coefficient (μ 0 s ). OPs used for epithelium [32] , normal mucosa [33] , and blood [34] are shown in Fig. 1 . A material grid array composed of cubic voxels measuring 10 μm in each direction was generated to specify the tissue consisting of a 0.1 mm thick epithelium layer, a 0.9 mm thick mucosal layer, and a single discrete cylindrical vessel of varying diameter (D) and depth (Z V ) [25] . D ranged from 20 to 400 μm, corresponding to those found in mucosal tissues [13] . The lateral dimensions of the grid were 3 mm × 3 mm for large vessels (D ≥ 200 μm) and 1.4 mm × 1.4 mm for small vessels (D ≤ 100 μm). Z V was defined as the distance from the top surface of the epithelium to the vessel's top boundary and ranged from 20 to 400 μm. An example of the simulated tissue geometry is shown in Fig. 2 .
Simulations involved photons that were launched at normal incidence into the tissue and underwent stochastic propagation and scattering processes based on the weighted-photon Monte Carlo approach and a Henyey-Greenstein phase function. Photons remitted at the tissue surface were subject to a detection restriction based on a numerical aperture (NA) of 0.22, in order to approximate the angular restrictions on light collected by an endoscopic imaging system during clinical use. Each of the simulations performed in this study included 400 million photons on a supercomputer (110 computing nodes, IBM x3650 M2, 8 CPUs each at 2.67 GHz with 24 GB RAM), requiring approximately 10 h of processor time. The 3D voxel-based MC model of photon propagation is described in further detail elsewhere [26] .
B. Contrast Calculation
The primary output of the MC model was a tissuesurface reflectance image distribution [ Fig. 3(a) ]. In both simulated and experimental images, contrast (C) was quantified using Weber's law as shown in Eq. (1):
where I b is the signal intensity in the background region and I V is intensity in the blood vessel area [ Fig. 3(b) ]. This method has been applied in previous NBI studies [13, 35] . Intensity values represent local reflectance normalized to maximum reflectance intensity; thus I b , I v , and C are dimensionless. In each simulated image, the mean intensity distribution in the X direction was determined (140/300 rows for small/large vessels). The background intensity value, I b , is the mean of 10 adjacent points toward the image edge, and I v is the mean of five adjacent points in the region of the vessel. In each experimental image, a mean contrast value was calculated for every 10 rows in the image. The mean of five contrast values representing intensity distributions with the least noise was then calculated. In the case where C was less than 10% and it was difficult to distinguish the blood vessel region from the background, C was assigned a zero value. Contrast is a dependent variable that was studied as a function of D, Z V , OPs, and wavelength. Figure 4 shows the illumination spectra of a conventional white light system and of an NBI system with bandpass filters of 415 15 nm and 540 10 nm [36, 37] . In order to reduce the need for multiple MC simulations across specific bandwidths, we investigated the use of a weighted OP, or "single-simulation" method. In this approach, a single set of OPs was determined for an illumination spectrum [e.g., the 415 nm narrow-band spectrum in 4(b)] by weighting OP values at each wavelength according to the relative spectral intensity. This made it possible to obtain a result using one set of weighted OPs and a single MC simulation. Table 1 shows weighted OPs for 415 15 and 540 10 nm bands and for white light (400-650 nm). The anisotropy factors (g) used for epithelium, mucosa, and blood were 0.95, 0.89, and 0.9, respectively. A more rigorous yet time-consuming multiwavelength approach was also evaluated. This approach involved performing 51 MC simulations per spectrum-one every 5 nm increment. The 2D spatial reflectance distributions for all increments were then weighted by spectral illumination intensity to determine the final reflectance image. Comparisons of single-and multiple-simulation approach results were performed to identify cases for which a single-simulation approach was valid and thus could be used to simplify the modeling process.
C. Single-and Multiple-Simulation Approaches
D. Experimental Validation
As validation of the simulated contrast results, experimental measurements were performed using a fiberoptic-coupled Xenon light source (HPX-2000, Ocean Optics, Dunedin, Florida), band-pass filters (415 15 nm and 540 10 nm, Newport Corporation, Irvine, California), and a CCD camera (U2000, Apogee Imaging Systems, Roseville, California) with a macro zoom lens (18-108 mm, Edmund Optics Inc., Barrington, New Jersey). The distance from the lens to the sample was 15 cm and the diameter of the lens was 4.5 cm. Single-layer liquid phantoms were constructed with deionized water, ferrous stabilized Hb powder (Sigma-Aldrich, St. Louis, Missouri), and polystyrene microspheres (1.0 μm diameter, Polysciences Inc., Warrington, Pennsylvania). Phantom OPs were measured using a spectrophotometer (Shimadzu Inc., Columbia, Maryland) to ensure that samples had biologically accurate absorption levels. In order to achieve target OP values based on the literature (Fig. 1) , microsphere concentrations were calculated with Mie theory. The phantom consisted of microspheres (0.72%) and Hb (3.4 mg/mL) in deionized water. To approximate a discrete blood vessel, a Hb solution (300 mg/mL) with μ a values similar to those used in our simulations was injected into a glass capillary tube with inner/outer diameters of 100/120 μm and immersed in the liquid phantom. The range of capillary depths was limited due to the difficulty in producing liquid Fig. 3 . Simulated reflectance image in X-Y plane (left) and graph of intensity (normalized) as a function of position along the X axis (right), with labels illustrating methodology for calculating vessel contrast. . Contrast values were then determined from rows of pixels in the same manner described for the simulation data.
Results and Discussion
A. Evaluation of Single-Simulation Method Table 2 compares contrast values determined with the single-simulation method with those from the multi-simulation method. Results are presented for NBI bands of 415 and 540 nm and white light of 400-650 nm for vessel diameters of 50 and 400 μm.
As shown in the table, 12 out of 16 cases for the 415 and 540 nm bands had a contrast difference of no more than 1% between the single-and multisimulation methods. The remaining cases showed absolute discrepancies of less than 0.02, thus indicating that the single-simulation method was accurate for calculating the contrast for the 415 and 540 nm bands. However, the difference between single-and multi-simulations ranged from 33% to 98% when white light was used, indicating that the singlesimulation method did not accurately model broadband light propagation. Therefore, all subsequent data provided for NBI simulations are based on the single-simulation method whereas those for white light are from the multi-simulation method (simulations every 5 nm from 400 to 650 nm).
B. Effect of Vessel Diameter and Depth
Simulated reflectance distributions are presented for a vessel size of 50 μm at four different depths (Z V 20, 100, 200, and 300 μm) based on 415 nm, 540 nm, and white light illumination (Fig. 5 ). In these images, contrast decreased strongly with Z V . For the 20 μm depth case, the 415 nm band appeared to produce slightly higher contrast than the 540 nm band while white light produced lowest contrast. At deeper regions (Z V 200 and 300 μm), the 540 nm band produced highest contrast followed by 415 nm and white light. Fluence distributions at 415 and 540 nm are presented in Fig. 6 to further illustrate the effect of wavelength and vessel geometry on light propagation. For all cases, there is a strong reduction in fluence within the vessel as well as a shadowing effect below the vessel. These effects are stronger at 415 nm than 540 nm due to the higher μ a and the reduction in fluence at the superficial edge of vessels is sharper at 415 nm. As vessel depth increases, shadows appear to become shorter and more diffuse. These graphs also illustrate reduced penetration depth throughout the tissue region at 415 nm relative to 540 nm. Fluence decays to very low levels by 300 μm below the surface for 415 nm, whereas the decay in fluence with depth is less than half as strong at 540 nm.
In order to better illustrate the light propagation processes that induce contrast in detected images, we also generated fluence distributions based only on photons that were remitted within the designated aperture-the same photons that made up the imaged reflectance distributions [e.g., in Fig. 3(a) ]. The most notable feature in the detected-photon fluence results (Fig. 7) is a bi-directional vessel shadowing effect, as opposed to the shadows below the vessels seen in standard fluence distributions. This is likely due to the fact that photons traveling in a ballistic manner toward the surface are preferentially detected within the restricted cone angle. In the presence of a vessel, photons that would otherwise have propagated toward the surface and been detected, are absorbed. As vessel depth increases, there is a greater chance that photons that did not interact with the vessel region can be scattered into trajectories within the cone angle, thus "filling in" the shadow and reducing vessel contrast. These results show that the effect of vessel shading decreases more rapidly with depth for 415 nm than 540 nm illumination in a manner analogous to the contrast results for the D 100 μm case in Fig. 8(c) . Vessel contrast as a function of Z V and D for 415 and 540 nm bands as well as white light are presented in Fig. 8 . In general, as Z V increased, contrast decreased because photon penetration depth was limited by scattering and absorption in tissue above the vessel. The rate of this decrease was dependent on vessel size and wavelength, with small vessels at 415 nm decreasing most rapidly with depth and large vessels at 540 nm decreasing the slowest. These graphs provide quantitative characterization of the improvement provided by NBI over broadband white light imaging. White light illumination does not provide higher contrast than both NBI cases for any vessel geometry. The 415 nm band produced greater contrast than white light for smaller and shallower vessels (up to 300%) but slightly less contrast for larger and deeper vessels. This was likely because the longer wavelength region of the white light was less scattered and less absorbed than 415 nm light and could penetrate deeper, producing higher contrast. Imaging at 540 nm always produced greater contrast (up to 93%) than white light due to the higher vessel absorption on average.
Results in Fig. 8 also provide quantitative predictions of differences in contrast between 415 and 540 nm. For small vessels at superficial depths (20 μm ≤ D ≤ 50 μm, 20 μm ≤ Z V ≤ 200 μm), the 415 nm band produced higher contrast (up to 125%) than the 540 nm band [ Figs. 8(a) and 8(b) ]. This was because Hb absorption is a factor of 8.7 greater at 415 nm than 540 nm (2381 cm −1 versus 274 cm −1 ). As a result, the fraction of light that can penetrate the width of a small vessel is much lower at 415 nm than 540 nm. This discrepancy in maximum contrast decreases with vessel diameter, with superficial . This was because bulk tissue attenuation at 540 nm is lower than at 415 nm, mostly due to absorption, as indicated in our prior study [25] . In addition, for any given vessel depth, vessel diameter had less effect on contrast at 415 nm than at 540 nm or for white light due to the dominant absorption at 415 nm discussed above. Even short photon path lengths through narrow vessels cause nearly complete absorption at 415 nm, whereas for 540 nm and white light an increase in vessel diameter increases the probability of a photon being absorbed by hemoglobin.
C. Effect of Wavelength
In order to elucidate the influence of spectral variations in illumination on image contrast, we performed simulations over the 400-650 nm range ( Fig. 9) . These results provide a comprehensive illustration of the effect of vessel diameter and depth as well as wavelength and reveal an apparent contradiction-that the Hb absorption band at 415 nm can both improve and degrade vascular contrast. While high absorption due to intravascular Hb can increase contrast, the widespread decrease in fluence due to bulk absorption in vascular tissue may reduce contrast at a specific vessel of interest. These competing effects result in the contrast curves in Fig. 9 varying in direct proportional to Hb μ a at most wavelengths, except at 415 nm, where there is an inverse relationship. Therefore, in spite of the fact that 415 nm provides superior contrast for the most superficial vessels, 445 nm light may provide better contrast for larger/deeper vasculature [9, 10] . Another key effect seen in Fig. 9 is the decreasing significance of Hb μ a on spectral variations in contrast as vessel depth increases. The contrast curves for these vessels are largely flat, with a slight positive slope. This indicates a transition from absorption-dominated contrast and toward increased dependence on tissue scattering, with the positive slope due to decreasing scattering (and increased penetration) with wavelength. The one significant effect of Hb μ a for deep vessels is the trough in contrast at the Soret band. Therefore, the finding in our prior study that the difference in contrast between 415 and 540 nm for larger, deeper vessels is primarily due to absorption rather than scattering [25] represents an exception to the general rule that contrast in these vessels is scattering-dominated, which applies to wavelengths from 450 to 600 nm.
D. Comparison with Experimental Results
In order to validate the numerical model, we compared results with our experimental measurements as well as in vivo data from the literature. Images of the capillary tube-based phantom imaged under 415 nm, 540 nm, and white light illumination are presented in Fig. 10 . A quantitative comparison of experimentally determined contrast values with simulations is shown in Fig. 11 . Good agreement was seen at Z V 300 and 400 μm, as experimental results were within 18% of simulations for nonzero contrast values. However, experimental results were only within 42% of simulations at Z V 200 μm. Discrepancies were likely due to factors such as the 20 μm capillary tube wall thickness, nonuniformity in illumination, and errors in capillary tube depth positioning. The high level of discrepancy for 200 μm vessel depths was likely due to difficulty in obtaining a constant level of liquid above the capillary tube, due to surface tension. Although we attempted to mitigate layer thickness uncertainty by validating depth through OCT imaging-which indicated that depths were typically within 10% of expected values-it was not possible to collect OCT and NBI images with the phantom on the same platform.
Further evidence of the validity of our modeling results can be obtained through comparisons with data from the literature (Table 3 ). However, in spite of the numerous in vivo NBI studies that have been published, few provide measured data on the size and depth of imaged vessels or quantitative results on vessel contrast. Early studies by Gono et al. [13] included in vivo data on contrast; however, these results did not specify the depth of imaged vessels. For vessels termed "class 1" (D 20 μm), they found mean contrast levels at 415 15 and 540 10 nm of 0.38 0.1 and 0.24 0.1, respectively. Our simulations predicted contrast levels for D 20 μm and Z V 20-150 μm ranging from 0.78 to 0.27 for 415 nm and from 0.35 to 0.15 for 540 nm. By interpolating this data [ Fig. 8(a) ], it was found that values for Z V 125 μm (0.39 and 0.19, for 415 and 540 nm, respectively) most closely matched the results from Gono et al. Experimental data on larger vessels were measured by Akbari et al. during porcine laparoscopic surgery [23] . While the size and depth of the porcine arteries imaged in this study were not determined, contrast values for white light and NBI at 540 nm were reported as 0.17 0.06 and 0.35 0.06. These values are in moderately good agreement with those seen in our results for large, deep vessels [Figs. 8(c) and 8(d)]-low contrast for white light and slightly higher contrast for 540 nm illumination. In spite of the lack of data on tissue morphology in these prior in vivo studies, our results appear to be in good general agreement with their findings.
E. Alternate NBI Wavelengths
Our results support the potential utility of NBI wavelengths such as 445, 500, and 575 nm that have been noted in the literature [6, 38] . Figure 9 shows that for small, superficial vessels, higher contrast was produced at 415 nm than 540 nm and 575 nm. However, for depths of 50 μm or more, contrast at 445 nm was similar to or greater than that at 415 nm. This agrees with results from Gono et al. indicating that 415 nm illumination produces 42% higher contrast than 445 nm for superficial small vessels (D ≤ 20 μm) while 445 nm produces approximately 12% higher contrast than 415 nm for larger vessels (20 μm ≤ D ≤ 50 μm) at deeper regions. Our results also indicate that 575 nm produces greater contrast than 415, 445, or 540 nm illumination [ Fig. 9(b) ] for large vessels (D ≥ 100 μm) at deep regions, likely due to spectral variations in tissue scattering. The slightly higher contrast at 575 nm relative to the more standard 540 nm band indicates the potential utility of the former wavelength, particularly for larger, deeper vessels [38] . However, the proximity of this absorption peak at 575 nm to a strong drop off in Hb μ a near 600 nm may indicate that a narrow bandpass would be required for this wavelength to be effective.
F. Limitations
The results of our simulations and phantom measurements indicate that the true underlying mechanisms of NBI may not be as well understood as studies in the literature suggest. Results indicate that scattering is not sufficiently different across wavelengths to induce significant variations in contrast. Our results indicate that mucosal absorption likely plays a key role in attenuating light within mucosa, due to the very strong variations in Hb absorption, particularly in the Soret band near 405 nm. However, our model ignores several key factors that may influence NBI contrast. First, Hb is not uniformly distributed in tissue. Thus, local levels of attenuation due to absorption may vary significantly, creating regions of high attenuation where vasculature is dense and regions of low attenuation and higher contrast where vasculature is sparse. Given the wide variations in vascular patterns seen in mucosal tissues, the actual contrast achieved, and its variation with depth, may vary significantly from the levels estimated in the current study. However, we have performed limited simulations incorporating discrete network of cylindrical vessels in a background Hb-free mucosa region, and found good agreement with our current results. Finally, it should also be noted that this study focuses on grayscale contrast values and does not take into account the color representation often incorporated into commercial endoscopic devices. This approach is similar to that taken in prior studies by Gono et al. [13, 14] , and while it provides useful quantitative insight into the fundamental light-tissue interactions involved in spectral imaging of vasculature, it represents an idealized imaging scenario that may not provide a direct correlation with results from clinical devices.
Conclusions
In this study, we have used numerical modeling and experimental measurements of tissue phantoms to elucidate the effect of wavelength and vessel geometry on contrast in narrow-band and white light imaging of mucosal vasculature. Our modeling results provide quantitative characterization of how spectral variations in absorption and scattering, as well as vessel morphology, influence contrast. Specifically, the transition from superior contrast at 415 to 540 nm with increased vessel depth and diameter was illustrated, and the level of improvement provided by NBI over white light imaging was shown to range from 35% to 300%. This work also indicated that under certain conditions, other wavelengths such as 445 nm may be equally or more effective than 415 or 540 nm illumination. Phantom measurements provided validation of numerical results, yet also indicated that the development of new physical models to study light propagation in tissue with small, superficial blood vessels would be beneficial. While computationally intensive, the Monte Carlo approach presented in this study was highly flexible and useful for studying a variety of scenarios and effects that provided quantitative insights into NBI and may lead to improved device designs. In the future, it may also be possible to apply some of the methods and concepts developed in this study to optimize NBI-based approaches for imaging contrast agents and nanoparticles. 
